Using density-functional theory (DFT), we investigate the selectivity of adsorption of CO 2 over N 2 and CH 4 on planar-type B clusters, based on our previous finding of strong chemisorption of CO 2 on the B 10−13 planar and quasiplanar clusters. We consider the prototype B 8 and B 12 planar-type clusters and perform a comparative study of the adsorption of the three molecules on these clusters. We find that, at room temperature, CO 2 can be separated from N 2 by selective binding to the B 12 cluster and not to the B 8 cluster. Selective adsorption of CO 2 over CH 4 at room temperature is possible for both clusters. Based on our DFT-adsorption data (including also a semi-infinite Boron sheet) and the available literature-adsorption value for N 2 on the planar-type B 36 cluster, we discuss the selectivity trend of CO 2 adsorption over N 2 and CH 4 with planar-cluster size, showing that it extends over sizes including B 10−13 clusters and significantly larger.
I. INTRODUCTION
Carbon-dioxide removal is essential for air purification and for minimizing the effects of global warming. Therefore, methods for elimination or reduction of CO 2 from industrial processes are extremely important. Various kinds of gas mixtures are targeted for CO 2 capture and separation[1, 2], e.g., postcombustion (predominantly CO 2 /N 2 separation) and natural gas sweetening (CO 2 /CH 4 separation).
One approach to CO 2 capture is to utilize selective adsorption properties of certain materials. In this respect, recent studies have investigated the selective adsorption of CO 2 by various materials including metal-organic frameworks [3] [4] [5] , nanomaterials [6] , nanostructures [7, 8] and clusters [9] [10] [11] [12] . An important aspect is to identify materials which can selectively capture CO 2 at room temperature. This requires, in particular, a strong adsorption energy, whose magnitude should typically overcome that of the standard free energy of gaseous CO 2 at 300 K (0.67 eV) [13] . A number of recent theoretical studies have revealed potentially interesting chemisorption properties of CO 2 on Boron-based clusters and related model solid surfaces [9] [10] [11] [12] [14] [15] [16] . Small Boron clusters, containing 13 or less atoms, have been shown both experimentally and theoretically to be planar or quasiplanar [17] [18] [19] [20] , while a number of medium size clusters (up to ∼ 40 atoms) are also expected to occur in planar-type structures on the basis of available experimental and/or theoretical studies [21] [22] [23] [24] [25] . Most of these clusters were produced using laser vaporization of a disk target [17, [21] [22] [23] [24] , and their corresponding photoemission [17, 21, 22, 24] and infrared absorption spectra [23] were obtained.
Very recently, based on ab initio calculations, we have shown strong chemisorption of CO 2 on the Boron B 10 -B 13 planar or quasiplanar clusters, with magnitude of the chemisorption energy surpassing 1 eV [14] . We also found that the planarity of these clusters is the key for their particularly strong CO 2 chemisorption, and that even in the limit of a semi-infinite B 2D sheet structure CO 2 still chemically binds at 0 K, but with reduced strength [14] .
So far, however, the selectivity of CO 2 against other gas-molecule adsorption on the planar-type B clusters has not been investigated to the best of our knowledge. There have been some recent studies though, using density-functional theory (DFT), of gas-molecule adsorption, including CO 2 adsorption, on 3D fullerene-type B 40 and B 80 structures [9, 11] .
B 40 is the only experimentally known Boron fullerene-type structure, while the B 80 fullerene had been proposed theoretically, but was not confirmed experimentally [11] . The calculated magnitude of the CO 2 adsorption energy on B 40 (B 80 ) was 0.64 eV (0.84 eV), while for N 2 and CH 4 the magnitude was significantly smaller, being at most 0.16 and 0.26 eV, respectively.
A DFT study has also addressed the adsorption of diatomic molecules, including N 2 , on the B 36 quasiplanar cluster, and found that N 2 does not bind at all to the cluster (has a positive adsorption energy) [26] .
In this work we address the selectivity of CO 2 adsorption over N 2 and CH 4 on planar B clusters. Using ab initio DFT calculations, we present first a comparative study of the adsorption of the three gas molecules on the B 12 and B 8 planar-type clusters. Our results indicate that, while B 12 displays perfect selectivity by binding CO 2 , but not N 2 and CH 4 at room temperature, the B 8 cluster cannot be used to separate CO 2 from N 2 , as it binds both. B 8 does not bind CH 4 though (at room temperature), and separation of CO 2 from CH 4 by adsorption still holds also for B 8 . Based on our present results and those for CO 2 adsorption on the semi-infinite B sheet and planar clusters of other sizes, and considering also the previous result for N 2 on B 36 , we then discuss the size dependence of the selectivity of the CO 2 capture on the planar-type B clusters.
II. METHODOLOGY
Density functional theory (DFT) calculations were performed using the Quantum ESPRESSO package [27] . We carried out spin-unrestricted computations within the generalized gradient approximation (GGA), using the spin-polarized Perdew-Burke-Ernzerhof (PBE) functional [28] . Scalar relativistic Vanderbilt ultrasoft pseudopotentials were employed. In some specific cases of weak or no adsorption with GGA, we also carried out calculations with dispersion-corrected DFT (DFT-D) [29] to check the effect of van der Waals correction.
We considered Gamma-point Brillouin zone sampling with a Gaussian level smearing of 0.001 Ry. Atomic structures were optimized until the forces on each atom were below 10 −4 Ry/a.u. A large cubic cell of 25Å × 25Å × 25Å was used to avoid interactions between periodic images of the cluster. The kinetic energy cut-off for the plane-wave expansion of the electronic orbitals and density were 60 and 240 Ry, respectively. Convergence tests indicated that the adsorption energy was converged within 1 meV with these parameter values.
The equilibrium structures used for the ground-state isomers of the Boron clusters were based on the study of Tai et al [30] and reproduced by us. The electronic ground states we obtain for the B 12 and B 7 clusters, based on the analysis of the molecular orbitals, correspond to the 1 A 1 (C 3v ) and 3 A' 2 (D 7h ) ground states of previous studies [30, 31] . The adsorption energy, E ads , of the molecule (CO 2 , N 2 and CH 4 ) on the Boron cluster was computed as:
where E Bn−gas is the total energy of the atomically relaxed system consisting of the B n cluster and adsorbed gas molecule, E Bn is the total energy of the isolated (relaxed) B n cluster (for the ground-state isomer, unless otherwise specified), and E gas is the total energy of the gas molecule (CO 2 , N 2 and CH 4 in gas phase).
Different cluster adsorption sites (see also Appendix) and different molecule orientations were considered as starting configurations for the adsorption of each molecule. Furthermore, in the cases in which there was no strong binding at 0 K of the molecule to the groundstate isomer of the cluster (E ads > −0.6 eV), we also considered as cluster starting structure for the adsorption relaxations the second lowest-energy isomer. For the B 12 cluster, which has as ground state a quasi-planar (buckled) structure, we considered also the planar (D 3h ) isomer, which is 0.19 eV higher in energy. For B 8 , whose ground-state isomer is the triplet (spin moment m = 2µ B ) heptagon structure, we also examined the singlet (m = 0) wheeltype isomer [32] , which lies 0.48 eV higher in energy. In all cases, however, the resulting lowest-energy B n -molecule configuration found was either higher in energy than that found starting from the ground-state isomer or resulting essentially in the same lowest-energy B nmolecule configuration (see Appendix). In the following, therefore, we will focus on the results obtained starting from the B n ground-state isomer.
III. RESULTS AND DISCUSSION
A. Adsorption on the B 12 cluster Figure 1 shows the optimized configurations for the gas molecules adsorbed on the B 12 cluster, characterized by the strongest adsorption energies we obtain from all the relaxation calculations. These final configurations correspond to molecules initially placed at a distance of 2Å from the cluster, with an in-plane orientation for CO 2 and N 2 , while CH 4 was outof-plane. As reported previously [14] , the CO 2 molecule is strongly chemisorbed on the cluster (E ads = −1.6 eV). On the other hand, we find that the N 2 molecule (at T = 0) binds relatively weakly to the B 12 cluster (compared to the CO 2 molecule), having an adsorption energy of only −0.13 eV, while no binding (a positive adsorption energy) is found for CH 4 on the cluster within GGA. Table I summarizes the adsorption energy corresponding to the strongest binding we find in GGA for each of the gas molecules considered, together with the main bond lengths and angles associated with the different molecules. for the N 2 it takes into account also the bond with B). The "standard free energy"of gaseous CO 2 (−S • gas T ) at 300 K (see text) is also given for comparison (third column).
Gas molecule E ads (eV) "Standard free energy" Interatomic distance from Angles
CO 2 −1.60 [14] −0.67 [13] O-B 1.37
+0.01 −0.58 [33] C-B 4.47 -For the chemisorbed B 12 -CO 2 system, the adsorbed CO 2 molecule lies in the plane of the cluster (Figure 1a ). This favors strong interaction between the in-plane lowest unoccupied molecular orbital (LUMO) of the bent CO 2 and the in-plane high-energy occupied molecular orbitals of the B cluster [14] . The O-B and C-B distances are found to be 1.4 and 1.6Å, respectively. The (initially linear) CO 2 molecule bends at an angle of 122 • as it chemisorbs on the B 12 cluster, which corresponds to the equilibrium geometry predicted for the negatively charged CO 2 molecule [34] . We note that the strong chemisorption of CO 2 on B 12 is also robust within the GGA+U approach, which increases the CO 2 HOMO-LUMO band gap [14] .
For the B 12 -N 2 system, the adsorbed N 2 lies outside the cluster plane (Figure 1 .b). Aside from its weak adsorption energy, we can observe a N-B distance of 1.47Å. The N 2 bond length barely changes upon adsorption (from 1.10Å to 1.12Å for isolated to adsorbed N 2 ).
Including long-range dispersion correction for B 12 -N 2 only slightly increases the adsorption strength, changing E ads from -0.13 eV (DFT) to -0.24 eV (DFT-D). It is interesting to compare our results for the N 2 adsorption on the ground-state planar-type isomer of B 12 to the results of a DFT-D study of N 2 adsorption on the 3D cage-type icosahedral functional also indicates a decreased adsorption of N 2 with the increased size (in that case, a slightly positive value) [26] .
For CH 4 , the calculated adsorption energy on the planar B 12 cluster is slightly positive (nearly zero). We checked the effect of the van der Waals correction using DFT-D, which is to induce a very weak adsorption of −0.13 eV. In the DFT-D study for CH 4 on the B 40 (B 80 ) cage-like structure, the adsorption energy was also negative, but somewhat stronger in magnitude, with E ads of -0.26 eV (-0.14 eV) [9, 11] .
Considering the "standard free energy"at 300 K (consisting of the entropy term −S • gas T ) [13] of the gaseous CO 2 (-0.67 eV) [13] and N 2 (-0.60 eV) [33] , whose magnitude (absolute value) should be an upper bound for the entropy contribution to the adsorption free energy −∆S · T [13, 36] (0 < −∆S · T < +S • gas T ), it is evident from Table I that the CO 2 molecule will remain attached to the cluster even at room temperature. In the case of the gas molecules which bind at 0 K (E ads < 0) to planar-type B clusters such as B 36 , the molecule gaseous free-energy contribution (S • gas · T ) dominates the entropy contribution to the adsorption free-energy (−∆S · T ) [26] . Hence, for N 2 , as the DFT (DFT-D) binding energy of 0.13 eV (0.24 eV) to B 12 is considerably smaller compared to the magnitude of the standard free energy of gaseous N 2 , the molecule will not stick to the cluster at room temperature. Similarly, CH 4 will not stick either at room temperature. Hence, our results indicate selective capture of CO 2 against N 2 and CH 4 by the B 12 planar-type cluster at room temperature. Clearly at very low temperature (T ≈ 0 K), N 2 would bind to the cluster (and also CH 4 , with van der Waals interaction).
B. Adsorption on the B 8 cluster
In Figure 2 , we show the lowest-energy configurations obtained for the three gas molecules adsorbed on the planar B 8 cluster with the same initial orientation and distance from the cluster as in the case of the adsorption on B 12 . The corresponding adsorption energies and bond lengths/angles are reported in Table II . It can be observed that the adsorption energy is systematically lower (stronger binding) for the three molecules on B 8 , compared to B 12 .
For CO 2 , we find strong chemisorption with dissociation of CO 2 , as shown in Fig. 2a . We note that this chemisorption is stronger (E ads = −2.40 eV) than found earlier for the doped CoB − 8 cluster [10] , on which the molecule was not dissociating. When chemisorbed on B 8 , the CO 2 molecule dissociates spontaneously (without an energy barrier) in our relaxation calculations. The resulting chemisorbed system has a planar geometry. One can notice (in Fig. 2a ) that some of the B-B cluster bonds were broken to accommodate new bonds with the O atom and the CO molecule (of the dissociated CO 2 ), as we also observed previously from DFT calculations for two of the larger planar B clusters, B 11 and B 13 [14] . A dissociative CO 2 adsorption was also found in a recent DFT study for CO 2 adsorbed on B − 7 and V 2 B 7 clusters [15] , with also largely enhanced amplitude of the adsorption energy, especially for the negatively charged cluster B − 7 [15] . For N 2 , we obtain also rather strong adsorption to B 8 (E ads = −0.76 eV); it is more than 5 times stronger than in the case of B 12 . As shown in Fig. 2b , adsorption of the molecule also causes atomic rearrangement of the cluster, though it retains a compact geometry (the For CH 4 we find a very weak binding (physisorption) on B 8 . The lowest-energy configuration we obtain is shown in Fig. 2c , and is characterized by a C-B distance of 4.05Å and E ads = −0.01 eV. Including van der Waals correction within DFT-D only slightly changes E ads to −0.10 eV. For the B 8 planar cluster thus the magnitude of the adsorption energy of the N 2 molecule (0.76 eV) is well above the magnitude of the standard free energy of the gaseous N 2 (0.60 eV).
Hence, unlike B 12 , for B 8 both CO 2 and N 2 are expected to stick to the cluster also at room temperature.
We note that the much higher reactivity of B 8 , compared to B 12 , which even leads to dissociated adsorption of CO 2 on B 8 , can be understood comparing the electronic molecularorbital structure of the two clusters [31] . Unlike B 12 , which has a large HOMO-LUMO gap (2.3 eV in our calculations), the D 7h -B 8 is characterized by orbital degeneracy at the Fermi enery (an open-shell/"metallic" character) with half-filled two-fold degenerate 1e 1 " orbitals [31] in non-spin polarized DFT calculations. In the spin-polarized calculations, the degeneracy is lifted (with a small gap) by the formation of a magnetic ground state of moment 2µ B -corresponding to the triplet D 7h -3 A' 2 ground state [30, 31] . The HOMO-LUMO gap, however, remains small (1.0 eV in our calculations) compared to that of B 12 .
We attribute thus the much higher reactivity of B 8 (leading to dissociated adsorption of CO 2 ) predominantly to its near orbital degeneracy. In fact, it should be noted that the other B clusters for which we found earlier [14] dissociated adsorption of CO 2 , i.e., factor, however, we also observe an overall smoother general tendency of decreasing binding energy |E ads | of the adsorbed molecules with increasing size of the B clusters, as will be illustrated in the next section.
C. Size dependency of the selective adsorption
As we have seen in the previous sections, selective binding of CO 2 over N 2 and CH 4 can be expected for the B 12 cluster at room temperature, but not for B 8 . B 8 is predicted to bind, instead, both N 2 and CO 2 at room temperature (against CH 4 ). We also observed a decrease in the adsorption binding strength, for all three molecules, from B 8 to B 12 .
In Figure 3 , we show the available lowest-energy data from GGA/DFT calculations (B3LYP calculations for N 2 on B 36 ) obtained for each of the three molecules on the B n planar-type clusters, as a function of inverse cluster size 1/n. Apart from the results for the three molecules on B 8 and B 12 , we also included the lowest E ads values for CO 2 on the B 10 , B 11 , B 13 and on the semi-infinite B sheet (n → ∞) from our previous calculations [14] and the value of Ref. 26 for the adsorption of N 2 on the planar-type B 36 cluster. We note that for the CO 2 adsorption energy we used two different symbols to distinguish the cases in which the calculated final relaxed adsorbates correspond to the single (bent) CO 2 molecule or to the dissociated CO 2 (which leads to lower E ads ). We also indicated, in Figure 3 , the values of the standard free energy at T = 300 K of the gaseous CO 2 (-0.67 eV) and N 2 (-0.60 eV) (the value for gaseous CH 4 is -0.58 eV, [33] ).
In our previous study [14] , we found that the adsorption strength weakens for CO 2 adsorption on a B 2D sheet, with respect to adsorption on B 10−13 clusters, remaining, however, significant and calculated to be -0.14 eV. Our overall results on CO 2 adsorption on the B n clusters, in Figure 3 , display a general tendency of decreasing CO 2 adsorption strength with increasing size n of the planar B clusters. A similar trend of decreasing adsorption strength on the B planar clusters with increasing cluster size is found for the N 2 molecule, for which we have also evaluated the adsorption energy within GGA-PBE for the planar B 10
cluster (E ads = −0.49 eV). However, the magnitude of the overall change and oscillations with cluster size are much larger for CO 2 . From the literature we know that for the even larger planar cluster, B 36 , the adsorption energy (within DFT B3LYP) is positive (0.03 eV) [26] , indicating that N 2 changes from binding at room temperature on B 8 to not binding at any temperature for B 36 . In the case of the CH 4 molecule, the adsorption strength also decreases with increasing cluster size, but the variation is very weak (a few meV from B 8 to
Considering the standard free-energy values at T = 300 K of the gaseous CO 2 and N 2 (-0.67 eV and -0.60 eV, respectively), and seeing how large (in Figure 3) the |E ads | values of CO 2 are on the planar B 10−13 clusters and how rapidly the N 2 adsorption strength decreases with cluster size, we can expect that all B 10−13 clusters should selectively bind CO 2 against N 2 at room temperature, and could be used thus to separate CO 2 from N 2 . Moreover, taking into account our calculated CO 2 adsorption strength on a B 2D sheet and knowing there is no N 2 adsorption on B 36 [26] , we find it very likely (from Figure 3) that the selective adsorption of CO 2 over N 2 at room conditions can be extended to significantly larger B planar-cluster sizes, possibly up to the limit (n < 40) beyond which the B clusters display a 3D-type ). The values for CO 2 on B 10−13 and on the 2D Boron sheet (n → ∞) are taken from our previous calculations [14] . The open symbols for the CO 2 adsorption stand for the single-molecule adsorption (and full symbols for dissociated molecule) and for the N 2 case for the literature value [26] . The dashed lines represent the standard free energy of the gaseous CO 2 (red) and N 2 (blue) [33] at 300 K.
structure. Similarly, regarding the selectivity of CO 2 over CH 4 , we expect adsorption at room (and low) temperature on all planar B clusters up to the same size limit to be selective, in view of the nearly vanishing E ads of CH 4 on the planar B clusters.
IV. CONCLUSION
We have investigated the selectivity of the adsorption of CO 2 over N 2 and CH 4 on planartype B clusters. We carried out a first-principles DFT comparative study of the adsorption of CO 2 , N 2 and CH 4 on the B 8 
VI. APPENDIX: ADSORPTION SITES AND ISOMERS
In our study we have examined for each cluster (and for each considered isomer) different non-equivalent adsorption sites, for all three molecules. The results corresponding to the lowest-energy adsorption configuration (and strongest binding) were reported in the paper and were obtained starting from the ground-state isomer.
In Fig. 4 (a) and (b), we show, in the case of CO 2 adsorption on the B 12 ground-state isomer, the results for the optimized configuration and adsorption energy obtained for some of the other inequivalent cluster adsorption sites giving strong binding (chemisorption).
These adsorption configurations are rather similar to the lowest-energy case ( Fig. 1(a) ) and the binding energy (|E ads |) is only about 0.1 to 0.2 eV weaker. Based on a Lowdin charge analysis, which may be used only to get some indicative charging trends [14] , we also find that the Lowdin charge gained by the CO 2 and lost by the cluster remains virtually the same (within 0.01 e) for the configurations (a) and (b) in Fig. 4 , with respect to the lowest-energy configuration shown in Fig. 1 (a) , i.e., ∼ 0.30 e lost by the cluster and gained by the CO 2 .
In the cases in which no strong binding (E ads > 0.6 eV) was found for the molecule to the ground-state isomer of the cluster at 0 K (i.e., the cases of N 2 on B 12 and of CH 4 on B 12 and on B 8 ), we also considered, as starting structure of the cluster for adsorption, the second lowest-energy isomer (denoted B * n ). For B 12 , we considered the flat (D 3h ) isomer, whose energy is 0.19 eV higher than the buckled isomer in our GGA calculations. This is of the same order of magnitude as the energy difference between the flat and buckled isomer of B 36 (a couple of tenths of eV) obtained in the B3LYP study [26] . For B 8 , we considered the singlet wheel-type structure, which lies 0.48 eV above the ground-state isomer in our GGA study, in good agreement with the B3LYP value of 0.51 eV for the energy difference between these two B 8 isomers [32] .
For the adsorption of N 2 , the optimized configurations we obtain starting from the flat B * 12 isomer are higher in energy than those obtained starting from the buckled B 12 . In particular, configurations in which the B * 12 remains flat upon adsorption of N 2 (i.e., when N 2 is initially placed in the plane of the cluster) are highly unfavorable energetically, as illustrated in Fig. 4(c) . Fig. 4(d) shows the lowest-energy configuration we find for the CH 4 molecule adsorbed on the flat B * 12 isomer. Starting from the flat B * 12 , we recover the same type of relaxed B 12 -CH 4 configuration as found with the ground-state isomer (the flat isomer buckles) and the adsorption energy E ads (using for E B n the energy of the ground-state isomer) is nearly the same (0.02 eV in GGA) as found starting with the ground-state isomer (0.01 eV). In Fig. 4(e) , we show the lowest-energy configuration we find for CH 4 adsorbed on the second lowest-energy B * 8 isomer. The adsorption energy (E * ads ) obtained from Eq. 1 using for E Bn the energy of the second lowest-energy isomer B * 8 is -0.01 eV, corresponding to the value of E ads for the adsorption of the molecule on the ground-state isomer. The energy, however, of the B * 8 -CH 4 structure, in Fig. 4(e) , is considerably larger (by 0.48 eV) than that of the B 8 -CH 4 system in Fig. 1(c) . Hence, in all of these cases, the lowest-energy adsorbed In (d) one nearly recovers the lowest-energy configuration obtained for CH 4 adsorbed on the ground-state B 12 isomer. In (e) the adsorption energy E * ads (obtained using for E Bn the energy of the second lowest-energy isomer B * 8 ) is the same as the value of the adsorption energy E ads on the ground-state isomer, however, the energy of the B * 8 -CH 4 structure is considerably larger (0.48 eV larger) than that of the B 8 -CH 4 structure in Fig. 1(c) . The atom colors are like in Fig. 1 .
It is interesting to observe, in Fig. 1(a) and in Fig. 4 (a) and (b), that the B 12 cluster flattens upon adsorption of CO 2 (which is not the case for N 2 and CH 4 ). This occurs in situations of strong adsorption, when one of the B-B bonds breaks, and is similar to the cases of strong adsorption of the NO and O 2 molecules on the B 36 cluster in the DFT/B3LYP study [26] . We would like also to note, concerning the isomers and regarding the finitetemperature entropy term in the adsorption free energy (−∆S · T ), that the contribution due to the difference between the two isomers (−∆S isomer · T ) at room temperature (which is neglected in our study) is expected to be of the same order or less than that (the entropy-term difference −∆S isomer · T ) calculated for the two free B 36 isomers in Ref. 26 , i.e., ∼ 0.2 eV.
For our discussion on the sticking of the molecule at room temperature, this is of course very small (can be neglected) compared to the CO 2 chemisorption energy on the B 12 cluster and it is also small compared to the standard free energy of the gaseous molecule (−S 0 gas · T ) at room temperature, included in our discussion. We would like also to emphasize that in the cases of molecules which are found to bind to planar-type Boron clusters such as B 36 [26] , the entropy term of the adsorption free energy (−∆S · T > 0) at room temperature is also dominated by the molecule gaseous free-energy contribution (+S 0 gas · T ), and the difference between these two values (which are both positive, with the latter larger, i.e., +S 0 gas · T > −∆S · T > 0) is typically at most 0.2 eV, based on previous studies [26] . Such a difference does not modify the conclusions of our discussion on the sticking or non-sticking of the CO 2 , N 2 , and CH 4 molecules on B 12 and B 8 . 
